The regulation of serine transhydroxymethylase (EC 2.1.2.1.; L-serine:tetrahydrofolic-5, 10-hy,droxymethyltransferase) has been investigated in Salmonella typhimurium LT2. Our results indicate that limitation of a methionine auxotroph for methionine does not cause derepression of this enzyme as reported for Escherichia coli. However, a sixfold decrease in specific activity was observed when S. typhimurium cells were grown in glucose minimal medium supplemented with serine, glycine, methionine, adenine, guanine, and thymine. None of these compounds added to the growth medium individually produced more than a 42% reduction of wild-type enzyme activity. This enhanced repression by the combination of compounds suggests a form of cumulative repression of this enzyme. Growth of serine and thymine auxotrophs, with the respective requirement of each limiting, did not result in increased enzyme activity. However, growth of a purine auxotroph with a limiting amount of either guanine or inosine resulted in a five-to sevenfold increase in enzyme activity. A second condition causing significant derepression (fourfold increase) above the levels observed with cells grown in minimal medium was the addition of 0.5
The regulation of serine transhydroxymethylase (EC 2.1.2.1.; L-serine:tetrahydrofolic-5, 10-hy,droxymethyltransferase) has been investigated in Salmonella typhimurium LT2. Our results indicate that limitation of a methionine auxotroph for methionine does not cause derepression of this enzyme as reported for Escherichia coli. However, a sixfold decrease in specific activity was observed when S. typhimurium cells were grown in glucose minimal medium supplemented with serine, glycine, methionine, adenine, guanine, and thymine. None of these compounds added to the growth medium individually produced more than a 42% reduction of wild-type enzyme activity. This enhanced repression by the combination of compounds suggests a form of cumulative repression of this enzyme. Growth of serine and thymine auxotrophs, with the respective requirement of each limiting, did not result in increased enzyme activity. However, growth of a purine auxotroph with a limiting amount of either guanine or inosine resulted in a five-to sevenfold increase in enzyme activity. A second condition causing significant derepression (fourfold increase) above the levels observed with cells grown in minimal medium was the addition of 0.5 ,g of trimethoprim per ml, an inhibitor of the dihydrofolate reductase activity. (A partial report on this work was presented at 1974 meeting of the American Society for Microbiology.)
Serine transhydroxymethylase is the enzyme responsible for the synthesis of glycine from serine. This reaction also produces 5,10-methylenetetrahydrofolate which is an important contributor of one-carbon fragments in cell metabolism (12) . Since glycine and one-carbon units are subsequently involved in the production of methionine, thymine, purines, and proteins, serine transhydroxymethylase activity has a central physiological role (see Fig. 1 ). Furthermore, this enzyme activity is reversible and can be used for the conversion of glycine to serine when exogenous glycine is provided (18) .
Despite earlier interests in serine and glycine biosynthesis (13, 14, 15, 21, 22) , little is known concerning the regulation of serine transhydroxymethylase. Folk and Berg (6) examined the serine transhydroxymethylase levels in an Escherichia coli mutant having an altered glycyltransfer ribonucleic acid (tRNA) synthetase but found no significant effects. Since the altered glycyl-tRNA synthetase activity caused reduced amounts of tRNA Gy, these results suggest that at least a major species of glycyl-tRNA is not involved in serine transhydroxymethylase regulation.
It has also been reported (8, 17) that an 18-fold derepression of serine transhydroxymethylase activity occurred in an E. coli methionine auxotroph when cultures were starved for methionine. This effect suggested a common regulatory mechanism between methionine and glycine biosynthesis. Other results (19) showed that the addition of several compounds to the growth medium (methionine, glycine, thymidine, and guanosine or inosine) caused a 40% reduction of serine transhydroxymethylase activity and suggested that the enzyme is regulated by a more complicated mechanism. More recently, it was reported (10) Protein determination. Protein determinations were made by the method of Lowry et al. (7) .
Chemicals. All amino acids, dipeptides, dl-L-tetrahydrofolate, pyridoxal-5'-phosphate, acetylacetone, dimedon, thymine, adenine, 5,5'-dithiobis-(2-nitrobenzoic acid), and (-)cystathionine were from Sigma Chemical Co. 
RESULTS
Regulation by methionine limitation. It has been reported that the amount of methionine in the growth medium influences serine transhydroxymethylase levels in E. coli 113-3 (8, 17) . Since this observation suggested an interesting regulatory mechanism common to both glycine and the methionine pathways, we decided to examine this control of serine transhydroxymethylase in greater detail in S. typhimurium. Although the genetic lesion of the E. coli methionine auxotroph used was not cited, the strain could grow with either methionine or cyanocobalamin, which is characteristic of mutations in the metE gene encoding N5-methyltetrahydropteroyl triglutamatehomocysteine methylase. Thus, a S. typhimurium strain, JB513 (metE5l), which also requires either methionine or cyanocobalamin was initially used for comparison with the E. coli strain. This strain was grown in minimal medium containing methionine either in excess or growth limiting concentrations, or with limiting amounts of cyanocobalamin ( Table 2 ). The addition of 200 ,tg of methionine per ml to the growth medium decreased the activities observed for both the wild type, strain JL781, and the Met-, strain JB513. However, the limitation of strain JB513 with either 4 jig of methionine per ml or 4 pmol of cyanocobalamin per ml did not increase the enzyme levels above those observed for strain JL781 in minimal medium. Since the time at which the cells were harvested could influence these results, the limitation experiments were repeated harvesting cells at different times after growth had ceased due to the depletion of methionine or cyanocobalamin. No depression of serine transhydroxymethylase above that observed for strain JL781 in minimal medium was observed (data not shown).
These results were obtained using an assay procedure which measured the conversion of glycine to serine (assay procedure I). To eliminate the possibility that the inability to observe the 18-fold derepression found with E. coli was due to a difference in assay procedure, we examined the serine transhydroxymethylase activities using the same method reported in the E. coli study (Table 3) . Even though the total activity was slightly less using this assay, the relative values were comparable to those with the first assay procedure. Again the limitation of strain JB513 with either 4 Mug of methionine per ml or 8 pmol of cyanocobalamin per ml did not increase the enzyme levels above the level for strain JL781 in minimal medium. Since the medium used during the studies with E. coli contained DL-aspartate, this was also included in our medium, but it did not increase the enzyme levels ( Table 3) .
As a control to determine whether these assays really measured the serine transhydroxymethylase activity, both assay procedures were used to determine the activity in a glycine auxotroph. Although strain JB566 (glyA20) can grow slowly in minimal medium, it requires glycine for normal growth because of an altered serine transhydroxymethylase. As would be expected for a mutant with this phenotype, the serine transhydroxymethylase activity was reduced to about 10% that found with a glycine prototroph. This result was found with both assay procedures.
Regulation of E. coli 113-3. It appeared that the difference in results might be due to the use of S. typhimurium instead of E. coli. Initially this appeared likely since the E. coli 113-3 which Mansouri et al. (8) Table 2 show that the addition of methionine to the medium reduced the enzyme levels, suggesting that excess methionine could be involved in the repression of this enzyme.
Repression of serine transhydroxymethylase levels. As shown in Fig. 1 All amino acids were added at 200 ,g/ml except serine which was 400 ug/ml; the purines and pyrimidines were added at 10 ,g/ml.
with supplements not obviously related to glycine synthesis or one-carbon metabolism (last two lines of Table 4 ). Neither combination produced the 15% level; and the addition of isoleucine, valine, proline, aspartate, and phenylalanine caused a slight increase. It appears that serine transhydroxymethylase can be regulated but full repression occurs only when all the "repressing compounds" are added in combination. Not all possible combinations of compounds have been examined so there may be other supplements which would effect the enzyme level. However, cells grown in complex medium (Luria Broth) had about 15% of the activity found in glucose minimal grown cells. Thus, if other compounds are involved, they are either absent from Luria Broth medium or ineffective in repressing the level below 15%.
It was reported that the intracellular concentration of glycine influences serine transhydroxymethylase levels in E. coli K10 (10) . Since this K10 strain did not transport glycine efficiently, 3 mg of glycine per ml was added to the growth medium to increase intracellular glycine to a level that caused significant repression. In the present study, a supplement of 200 Ag of glycine per ml caused a slight increase in serine transhydroxymethylase levels (Table 4 ). This concentration of glycine is sufficient to restore a normal growth rate and cell yield to a glycine auxotroph and our strains appear to transport glycine efficiently (18) . When glycine was added at 3 mg/ml, there was a slight decrease in enzyme levels to 74% of the activity found with cells in unsupplemented medium. Since this decrease is less than that found with the "repressing compounds" added together, it appears that serine transhydroxymethylase is not fully regulated by glycine alone.
Influence of supplements on other enzymes. To determine whether the combination of compounds which repress the serine transhydroxymethylase activity might influence other enzymes, one enzyme from the serine pathway and one from the methionine pathway were assayed (Table 5) . A slight reduction in phosphoserine phosphatase (serine pathway) was observed for cells grown with serine, glycine, methionine, adenine, guanine, and thymine (last line). The,-cystathionase (methionine pathway) was reduced to 38% for cells grown in this same medium, a value slightly lower than the 48% reduction seen with only a methionine supplement. To determine the effect of these compounds in the absence of methionine, cells were grown in media containing only serine, glycine, adenine, guanine, and thymine. The cystathionase activity in these cells was lowered to 79% compared with the 48% found with methionine addition. Thus, if these compounds, independent of methionine, influ- Regulation in a mutant with altered serine transhydroxymethylase activity. Additional evidence that this combination of compounds lowers serine transhydroxymethylase levels comes from a study of strain JB561 (serA13, glyA951) ( Table 1 ). This mutant has been previously shown to have a mutation in the serA gene causing a requirement for serine, plus a second mutation in the glyA gene (18) . This second lesion caused a reduction in the serine transhydroxymethylase level to 34% of that observed for a glyA+ strain. Strain JB561 required only serine for growth since the residual serine transhydroxymethylase activity provided sufficient glycine, however, the activity was not sufficient to convert glycine to serine for growth. If the addition of serine, methionine, adenine, guanine, and thymine effectively represses this remaining 34% enzyme activity to undetectable levels, cell growth might be expected to be inhibited due to the inability to synthesize glycine from serine. Figure 2 shows the results of growth studies with this strain. As expected, strain JB561 can grow when serine alone is provided, but growth ceased prematurely when the medium contained methionine, adenine, guanine, thymine, and serine (Fig. 2) . Since glycine eliminated this inhibition, cells used as an inoculum were grown in medium with the above supplements plus glycine and were washed to remove the glycine prior to use. Internal pools of glycine and one-carbon units may be sufficient to allow the initial growth shown in Fig. 2 . A direct measurement of' the enzyme levels provided further evidence for the repression of the serine transhydroxymethylase in this strain. Strain JB561 grown with serine alone had about 34%, of the activity found with a wild-type strain. When strain JB561 was grown with serine, methionine, adenine, guanine, thymine, and glycine, extracts had only 6% of the level found with a wild-type (JL781) culture grown in glucose minimal medium. This is less than that observed with glycine auxotrophs (10%) and corresponds to the five-to sixfold repression of total activity observed with a wild-type strain (decreases from 34 to 6% compared with 100 to 15%). Thus, growth of strain JB561 under conditions of maximal repression reduced the residual serine transhydroxymethylase to levels insufficient for glycine synthesis.
Furthermore, these results demonstrate that the compounds can repress the enzyme levels even though a condition of glycine limitation is produced and provide evidence that glycine itself is not directly involved in the regulation.
Effect of growth limitations on enzyme activity. Although the limitation experiments with the methionine auxotrophs and strain JB561 (serA13, glyA951) did not cause derepression of the serine transhydroxymethylase activity, the possibility remained that limitation for one of the other "repressing compounds" would eff'ect these levels. Therefore, different serine, thymine, and purine auxotrophs were each grown in media containing limiting amounts of the required supplement and the activity of serine transhydroxymethylase was determined.
The results for the serine limitations for strain JB507 (serA13) are presented in Table 6 . Serine was limited by three growth methods: (i) by supplementing with 50 ,g of serine per ml, which allowed only partial growth (400 ,ig of serine per ml is required for full cell yield), and harvesting the cells about 1 h after limitation; (ii) by using the glycyl-glycine dipeptide which provided a constant, slow supply of serine when the dipeptide was converted to glycine, which then yielded serine by the reverse activity of serine transhydroxymethylase; (iii) by adding threonine, which is degraded to glycine by a separate pathway (9, 11) . The first method limited serine, the precursor of glycine, whereas the latter two limited glycine, which is needed to make serine. Depending on the equilibrium for these interconversions, all three growth condtions may in fact reduce both the serine and glycine pool sizes. If the serine transhydroxymethylase is regulated directly by serine and/or glycine pool size, it might be expected to be derepressed under these conditions. However, only growth on threonine showed a slight (and probably insignificant) increase, and cells grown on limiting serine had reduced levels ( Table 6) .
Results of limitation experiments for a thymine auxotroph are shown in Table 7 . Strain JB749 (thyA) had normal enzyme levels relative to wild type when grown with thymine in excess or limiting amounts.
When a purine auxotroph (JL627; purC7) was grown with limiting inosine, no increase in serine transhydroxymethylase occurred (data not shown). However, this strain had an abnormally slow growth rate (206 min per generation) even when the medium was fully supplemented with purines. Since a purine auxotroph derived from E. coli K10 had been reported to increase serine transhydroxymethylase levels when starved for purines (10), we felt it was critical to eliminate the possibility that the slow growth of Table 4 for enzyme values.
b Serine was added at 50 ,g/ml which allows some growth prior to serine limitation; other additions are as described. aFor nonlimiting growth conditions, thymine was added at 10 ug/ml; it was added at 0.6 ug/ml for the limiting concentration.
b Activity measured in the direction of serine synthesis (assay procedure I). See footnote to Table 4 for enzyme values. strain JL627 influenced our results. Therefore, another purine-requiring strain, JL721, which had the same generation time as the control strain when supplemented with purines (54 min per generation), was also used. When the growth of strain JL721 was limited for either guanine or inosine, the enzyme activity increased five-to sevenfold above the levels for the wild type grown in glucose minimal medium (Table 8) .
Effects of trimethoprim on enzyme levels. Since all of the compounds found to repress the serine transhydroxymethylase activity are also involved in one-carbon transfers, we examined the effect of altering one-carbon metabolism.
Trimethoprim (2,4-diamino-5-[3',4',5'-trimethoxybenzyl ]-pyrimidine is an inhibitor of the dihydrofolate reductase activity which reduces dihydrofolate to tetrahydrofolate (2) . The addition of this compound to the growth medium should reduce the level of tetrahydrofolate and its derivatives while causing an accumulation of dihydrofolate.
When cells were grown in the presence of 0.1 to 0.5 Mg of trimethoprim per ml, a two-to fourfold increase in enzyme activities was observed (Table 9 , assay procedure I). During these experiments, the growth rate was slowed but not stopped. The slower growth alone was probably not responsible for increased enzyme levels since comparable rates were produced during growth of the serA auxotroph on glycylglycine or threonine, but the enzyme activity was not substantially increased. Since growth in the presence of trimethoprim and the purine limitation experiment (Table 9) were the only conditions which produced significant derepression, they were used to check the second serine should have detected it with either assay procedure. DISCUSSION The results reported in this paper demonstrate that the serine transhydroxymethylase activity of S. typhimurium can be regulated and that this regulation appears independent of direct methionine limitation. There is no obvious explanation for the difference between our results and those reported for E. coli. Perhaps some difference exists between the E. coli 113-3 strain used in the previous study and the one we obtained from the ATCC; or there is some difference in growth conditions for which we have not accounted. During our studies, we did find the radioactive assay (assay procedure II) used in the E. coli investigation to have a limited protein-dependent linearity range compared with the first assay procedure, which measures the amount of formaldehyde consumed (C. Baker and J. Brenchley, unpublished results). However, since both assay procedures detected increased enzyme levels for cells grown with trimethoprim, either method should have measured an increase in activity during the growth limitation experiments. Since the one purine auxotroph (strain JL627) did not derepress the serine transhydroxymethylase whereas another one did (JL721), strain variations between the methionine auxotrophs might also account for that difference.
The repression by combinations of compounds suggests an interesting regulatory pattern for serine transhydroxymethylase. Since this reaction provides both glycine and 5,10-methylenetetrahydrofolate, its activity is of central importance in providing precursors for several pathways (Fig. 1) . As is observed with other branched pathways, the full repression of serine transhydroxymethylase is not elicited by the addition of any single compound, but is dependent upon a combination of compounds. Our results, however, are not consistent with this being multivalent repression where the individual compounds have no effect, since growth with the separate addition of serine, methionine, adenine, or guanine causes decreased serine transhydroxymethylase activity.
Perhaps the best example for comparison is cumulative inhibition as described for glutamine synthetase. In cumulative inhibition, each compound acts independently and the presence of one compound does not influence the other. Each inhibitor reduces the activity slightly, whereas their simultaneous addition causes almost complete inhibition. If such a cumulative effect is used as a model, then there is a good quantitative correlation between the predicted serine transhydroxymethylase levels and those observed experimentally. Thus, the regulation of serine transhydroxymethylase may represent a form of cumulative repression.
Although the mechanism for this control is not clear, we have found two growth conditions, trimethoprim addition and purine limitation, which cause increased serine transhydroxymethylase levels. These two situations could be related and both could have multiple effects. The increase found when strain JL721 was limited for purines might suggest that purines interact directly in the control mechanism. However, it has been reported that purine nucleotides inhibit 5,10-methylenetetrahydrofolate dehydrogenase activity (4), and the purine limitation could release this inhibition causing a sudden depletion of 5,10-methylenetetrahydrofolate as it is rapidly converted to 5,10-methenyltetrahydrofolate and 10-formyltetrahydrofolate. Thus, the purine limitation could also alter the balance of one-carbon
